Objective: To test the influence of homocysteine on the production and activation of matrix metalloproteinase-2 (MMP-2) and tissue inhibitors of matrix metalloproteinase-2 (TIMP-2) and on cell migration of cultured rat vascular smooth muscle cells (VSMCs). Also, to explore whether rosuvastatin can alter the abnormal secretion and activation of MMP-2 and TIMP-2 and migration of VSMCs induced by homocysteine. Methods: Rat VSMCs were incubated with different concentrations of homocysteine (50-5 000 μmol/L). Western blotting and gelatin zymography were used to investigate the expressions and activities of MMP-2 and TIMP-2 in VSMCs in culture medium when induced with homocysteine for 24, 48, and 72 h. Transwell chambers were employed to test the migratory ability of VSMCs when incubated with homocysteine for 48 h. Different concentrations of rosuvastatin (10 −9 -10 −5 mol/L) were added when VSMCs were induced with 1 000 μmol/L homocysteine. The expressions and activities of MMP-2 and TIMP-2 were examined after incubating for 24, 48, and 72 h, and the migration of VSMCs was also examined after incubating for 48 h. Results: Homocysteine (50-1 000 μmol/L) increased the production and activation of MMP-2 and expression of TIMP-2 in a dose-dependent manner. However, when incubated with 5 000 μmol/L homocysteine, the expression of MMP-2 was up-regulated, but its activity was down-regulated. Increased homocysteine-induced production and activation of MMP-2 were reduced by rosuvastatin in a dose-dependent manner whereas secretion of TIMP-2 was not significantly altered by rosuvastatin. Homocysteine (50-5 000 μmol/L) stimulated the migration of VSMCs in a dose-dependent manner, but this effect was eliminated by rosuvastatin. Conclusions: Homocysteine (50-1 000 μmol/L) significantly increased the production and activation of MMP-2, the expression of TIMP-2, and the migration of VSMCs in a dose-dependent manner. Additional extracellular rosuvastatin can decrease the excessive expression and activation of MMP-2 and abnormal migration of VSMCs induced by homocysteine.
Introduction
Migration of vascular smooth muscle cells (VSMCs) into the vascular intima and remodeling of the extracellular matrix (ECM) are important events in the pathogenesis of atherosclerosis (Weber and Noels, 2011) . In the early stages of atherosclerosis, the injury of endothelial leads to aggregation of platelets and the release of platelet factors which trigger excessive migration and proliferation of VSMCs in the intima (Libby et al., 2010) . The VSMCs can then abnormally secret and activate matrix metalloproteinases (MMPs, especially MMP-2) and tissue inhibitors of matrix metalloproteinases (TIMPs, . This breaks the balance between MMPs and TIMPs and results eventually in the remodeling of the ECM (Löffek et al., 2011) . Thus, it is important to reduce the migration of VSMCs and the subsequent expression and activation of MMP-2 and TIMP-2 induced by VSMCs.
In the human body, the development of atherosclerosis can be promoted by several kinds of cytokines, including homocysteine (Zhou and Austin, 2009) . Homocysteine is an intermediate sulfurcontaining amino acid formed during the intracellular enzymatic metabolism of methionine. The elevation of circulating homocysteine, known as homocysteinemia, can be caused by a genetic deficiency of homocysteine catabolism pathways or by deficiency of folic acid and vitamins B 12 and B 6 (Castro et al., 2006) . Homocysteinemia has been considered as an independent risk factor for coronary heart disease (CHD) (Guo et al., 2003; Zhou and Austin, 2009 ). In a previous study, we observed that homocysteine was involved in the pathogenesis of coronary artery disease via the induction of excessive expression and activation of MMP-2 in cultured VSMCs (Guo et al., 2007) . However, whether homocysteine influences the migration of VSMCs and how to effectively modulate homocysteine-induced excessive expression and activation of MMP-2 and TIMP-2 and abnormal migration of VSMCs remain unclear and are in need of urgent clarification.
Currently, mainly statins, hydroxymethylglutaryl coenzyme A (HMG-CoA) reductase inhibitors, are employed in the prevention and treatment of CHD (Ward et al., 2007) . Statins can prevent the occurrence of atherosclerosis by lowing circulating cholesterol. Furthermore, recent studies have suggested that the beneficial effects of statins may extend to other mechanisms. Specific non-lipid lowering effects of statins include antioxidant properties, maintenance of atherosclerotic plaque stabilization, antiinflammatory action, modulation of endothelial function, and anti-proliferation of VSMCs (Arnaboldi et al., 2007; Puccetti et al., 2007) . Rosuvastatin, a relatively new HMG-CoA reductase inhibitor, has a lot of favorable characteristics, such as low lipophilicity, high hepatocyte selectivity, minimal metabolism, and a low propensity for cytochrome P450 drug interactions (Cheng-Lai, 2003) . So, could the pleiotropic statin, rosuvastatin, reduce the homocysteine-induced excessive expression and activation of MMP-2 and abnormal cell migration of VSMCs? In the present study, we tried to further confirm the influence of homocysteine on the production and activation of MMP-2 and cell migration of cultured rat VSMCs, and explore whether rosuvastatin could modulate these effects.
Materials and methods

Materials
The chemicals used in this study were obtained from the following sources: Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were obtained from GIBCO (Grand Island, NY, USA); D-, L-homocysteine was purchased from Sigma-Aldrich Co. (St. Louis, MO, USA); rabbit anti-MMP-2 antibody and rabbit anti-TIMP-2 antibody were obtained from Lab Vision Co. (Westinghouse Drive, Fremont, CA, USA). Rosuvastatin was a generous gift from AstraZeneca (Shanghai, China). All other chemicals were of reagent grade or the highest grade commercially available.
Preparation of VSMCs
Rat aortic VSMCs were isolated by enzymatic digestion from the thoracic aortas of 6-week-old male Wistar rats as described previously (Uzui et al., 2000) . Animal studies conformed to the Guide for the Care and Use of Laboratory Animals (National Institutes of Health (NIH) Publication No. 85-27, revised in 1996) and were approved by the Institutional Animal Care and Use Committee of Shaoxing University, China. The cells were cultured in DMEM supplemented with 10% FBS (0.1 g/ml) at 37 °C in a humidified 5% CO 2 /95% air atmosphere. At confluence, cells displayed a 'hill and valley' growth pattern and abundant myofilaments in their cytoplasm. They were identified as VSMCs by immunocytochemistry using HHF35, a monoclonal antibody that recognizes muscle-specific actin. All VSMC cultures used in this study were between passages 4 and 7. At the subconfluent stage, the culture medium was replaced with serum-free medium and then the cells were exposed to various treatments.
Preparation of culture medium
Homocysteine was added to DMEM to a final concentration of 50-5 000 μmol/L. Rosuvastatin was added to DMEM to a final concentration of 10
−5 mol/L before use. All rosuvastatin treatments were sustained in the 1 000 μmol/L homocysteinetreated medium.
Analysis of gelatinase production
After various treatments for 24, 48, and 72 h, medium samples were harvested, centrifuged at 12 000×g at 4 °C for 10 min, and normalized for cell protein content measurement using a Bradford assay. A total of 20 μg proteins of various treatments were mixed with sodium dodecyl sulfate (SDS) sample buffer without a reducing agent and loaded onto a 10% SDS-polyacrylamide gel (0.1 g/ml) containing 0.1% gelatin (1 g/L) as described previously (Guo et al., 2010) . Clear zones against the blue background indicated the presence of gelatinase. The amount of gelatinase production was quantified by means of densitometric scanning of the zymograms using a digital camera, and measured using Quantity One 4.4 (Bio-Rad).
Western blotting
After various treatments for 24, 48, and 72 h, medium samples were harvested from the cells, centrifuged at 12 000×g at 4 °C for 10 min, and separated by 10% SDS-polyacrylamide gel electrophoresis, followed by transfer onto polyvinylidene difluoride membranes (Immobilon P, Millipore, 0.22 μm pore size). The membranes were blocked in TBST (100 mmol/L Tris-HCl pH 7.5, 150 mmol/L NaCl, 0.05% Tween 20) containing 5% skimmed milk (0.05 g/ml) at room temperature for 2 h, and probed with anti-MMP-2 (or anti-TIMP-2) monoclonal antibody at 4 °C overnight. They were then washed twice (10 min/time) with TBST and once (10 min) with TBS (100 mmol/L Tris-HCl pH 7.5, 150 mmol/L NaCl) at room temperature. The membranes were incubated with secondary antibody conjugated with horseradish peroxidase (HRP) for 1 h and detected by chemiluminescence according to the manufacturer's recommendations (ECL Plus, Beyotime, China). The membranes were exposed to X-ray films (Kodak X-OMAT BT). Finally, the films were scanned on a densitograph (ChemiDoc XRS, Bio-Rad) and measured using Quantity One 4.4 (Bio-Rad).
Cell migration assay
The migration of VSMCs was determined using Transwell chambers (8 μm pore size; Corning Inc.) as described previously (Kuzuya et al., 2003) . VSMCs (4×10 4 cells) were seeded onto the upper well. VSMC migration (48 h) assays were performed for various treatments. The cells that migrated onto the outer side of the membrane were fixed and stained. Migrated cells were counted in four randomly chosen fields of duplicate chambers for each sample using microscopy.
Statistical analysis
Results are presented as percentages of the control and represent the mean±standard error (SE) for experiments performed in duplicate. Differences among all data were analyzed for statistical significance by one-way analysis of variance (ANOVA) followed by unpaired Student's t-test. Differences at P<0.05 were considered statistically significant.
Results
Effects of homocysteine on expression and activation of MMP-2 in VSMC culture medium
Western blotting of the culture medium showed that the expression of MMP-2 by VSMCs increased significantly in a dose-dependent manner when induced by 50-5 000 μmol/L homocysteine, and tended to increase with a longer incubation time (Fig. 1) . Gelatin zymograms of condition media showed that the activity of MMP-2 was also significantly increased by 50-1 000 μmol/L homocysteine in a dose-dependent manner, but decreased at the highest level of homocysteine (5 000 μmol/L) (Fig. 2) .
Effects of rosuvastatin on expression and activation of MMP-2 induced by homocysteine in VSMC culture medium
We examined the effect of rosuvastatin on the expression and activation of MMP-2 in VSMCs when stimulated with 1 000 μmol/L homocysteine. We found that rosuvastatin (10
−5 mol/L) decreased the excessive expression of MMP-2 induced by homocysteine in a dose-dependent manner (Fig. 3) . The activation of MMP-2 induced by homocysteine was also decreased by rosuvastatin in a dose-dependent manner (Fig. 4) .
Effects of homocysteine and rosuvastatin on expression of TIMP-2 in VSMC culture medium
Similar to the effect of homocysteine on expression of MMP-2, Western blotting of the VSMC -10 −5 mol/L), the secretion of TIMP-2 by VSMCs decreased in a dose-dependent manner, but unlike the effect on MMP-2, the effect of rosuvastatin on TIMP-2 was not remarkable (Fig. 6) .
Effects of homocysteine and rosuvastatin on migration of VSMCs
Transwell chambers were used to examine the effect of rosuvastatin on homocysteine-induced migration of VSMCs. Migration of VSMCs increased following induction by homocysteine (50-5 000 μmol/L) in a dose-dependent manner (Fig. 7) . The treatment of VSMCs with different concentrations of rosuvastatin (10 −9 -10 −5 mol/L) when induced by 1 000 μmol/L homocysteine showed that rosuvastatin could significantly inhibit the homocysteine-induced migration of VSMCs in a dose-dependent manner (Fig. 8) .
Discussion
Atherosclerosis is a multistep disease. A chronic inflammatory process is involved in its occurrence and development, including interactions between various soluble mediators, monocytes, endothelial cells, and VSMCs. The growth of atherosclerotic plaque requires the migration and proliferation of VSMCs in the arterial wall, and this process is largely dependent on the balance of MMPs and TIMPs (Raffetto and Khalil, 2008) . Among the MMPs, MMP-2 is widely distributed in vessel walls and plays an important role in the turnover of basement membrane type IV collagen and in controlling cell migration (Löffek et al., 2011) . TIMP-2 is an important member of TIMPs and can effectively inhibit the activity of MMP-2. In normal arteries, MMP-2 and TIMP-2 keep in balance and maintain the homeostasis of the vessel wall. However, in atherosclerotic plaques, the expression and activation of MMP-2 and TIMP-2 are increased, which promotes the degradation of the ECM, thereby supplying space for the migration and proliferation of VSMCs. The VSMCs can then secrete and activate more MMP-2 and aggravate the imbalance of MMPs/TIMPs, resulting eventually in the development and rupture of atherosclerotic plaques (Newby, 2005) . Thus, it is important to find a way to inhibit the development of atherosclerosis by reducing the abnormal expression and activation of MMP-2 and TIMP-2, and the migration of VSMCs. Homocysteine is considered as an independent risk factor of atherosclerotic cardiovascular disease. However, the mechanisms by which homocysteine affects the pathogenesis of atherosclerosis are not completely known, especially those relating to its effects on the migration of VSMCs and the balance between MMP-2 and TIMP-2. In this study, we explored these questions using cultured VSMCs and found that the expressions of MMP-2 and TIMP-2 by VSMCs and the migration of VSMCs were increased by homocysteine (50-5 000 μmol/L) in a dosedependent manner. Previous studies have demonstrated that the synergy between VSMC migration and an imbalance of MMPs/TIMPs can promote the development of atherosclerosis. It seems that the results observed in this study are in accordance with this mechanism. However, in the study we found that the expressions of both MMP-2 and TIMP-2 were increased, suggesting that the increased TIMP-2 may inhibit the proteolytic effect of MMP-2. This raises the question of whether the activity of MMP-2 is activated by homocysteine or inhibited by the up-regulated TIMP-2. The promotional effect of MMP-2 on cell migration is attributable mainly to the activated MMP-2, via degradation of the ECM around the cells in the vessel wall and by supplying space for cell migration (Busti et al., 2010) . So, we considered that the detection of MMP-2 activity should reveal the result of this new balance between MMP-2 and TIMP-2. To explore this possibility, we detected the activity of MMP-2 in VSMC cultures by gelatin zymography. We found that the activity of MMP-2 in cultured VSMCs was up-regulated when stimulated with homocysteine at low concentrations (50-1 000 μmol/L), but the tendency for up-regulation was attenuated following treatment with homocysteine at a concentration of 5 000 μmol/L. These results revealed that although the secretion of TIMP-2 was increased, the activity of MMP-2 was still increased. This may be in accordance with the increased migratory ability of VSMCs. Several other questions remained. It seemed incompatible that the activation of MMP-2 was decreased while the migration of VSMCs was increased when VSMCs were incubated with 5 000 μmol/L homocysteine. How can this inconsistency be explained and why was the activity of MMP-2 weakened in this case?
Firstly, it has been reported that homocysteine exerts a dual effect, activating proMMP-2 at a low molar ratio (MR) of 10:1 and inhibiting the activation of MMP-2 at high MRs (>1 000:1) (Bescond et al., 1999) . This may explain why the activity of MMP-2 was weakened following incubation with homocysteine at a concentration of 5 000 μmol/L. Secondly, we recognized that the migration of VSMCs was caused by a combination of the migratory ability of VSMCs themselves and the hydrolytic effect of MMPs on the ECM. High concentrations of homocysteine might directly elevate the migratory ability of VSMCs. This might also activate other MMPs, including MMP-1 and MMP-9 (Moshal et al., 2006; Steed and Tyagi, 2011) , which can also degrade the ECM. Finally, although the up-regulation tendency of MMP-2 activity was attenuated, the actual activity of MMP-2 was still stronger compared with the control (incubated without homocysteine). So the activated MMP-2 also may contribute to the migration of VSMCs. However, more research is required to confirm this.
Statins are widely used in the treatment of atherogenic dyslipidemia. In addition to their potent action on cholesterol-rich lipoproteins, statins have pleiotropic properties that may be beneficial for CHD. In this study, we found that rosuvastatin could inhibit the expression and activation of MMP-2 and the migration of VSMCs induced by homocysteine in vitro. The secretion of TIMP-2 was also decreased by rosuvastatin in a dose-dependent manner, but no significant difference was observed. As an HMG-CoA reductase inhibitor, treatment with rosuvastatin may cause mevalonate starvation in VSMCs. Mevalonate metabolism yields squalene, the precursor of cholesterol and geranylgeranyl pyrophosphate (GGPP), which is important in prenylation of proteins. Luan et al. (2003) showed that the secretion of MMPs could be regulated by GGPP or mevalonate and depressed by lovastatin in rabbit smooth muscle cells (SMCs) or foam cells. The inhibition of prenylation was considered to be the mechanism responsible for the decrease in MMPs caused by lovastatin. This mechanism may also apply to the interpretation of the results of the present study. Thus, the results of this study suggest that rosuvastatin may reduce the risk of CHD in patients with hyperhomocysteinemia, by reducing the abnormal migration of VSMCs and the expression and activation of MMP-2 in VSMCs induced by hyperhomocysteinemia. Holven et al. (2002) demonstrated that homocysteine exerts atherogenic effects in part by enhancing chemokine responses in cells involved in atherogenesis, and Li et al. (2002) showed that the intervention of rosuvastatin could downregulate these inflammatory reactions. Furthermore, homocysteinemia can aggravate myocardial infarction via oxidative stress mechanisms (Hagar, 2002) , and the antioxidative effect of rosuvastatin may attenuate the oxidative stress caused by homocysteinemia (Verreth et al., 2007) . Overall, we consider that rosuvastatin is suitable for preventing or reducing the occurrence and development of atherosclerosis, especially in populations with dyslipidemia and homocysteinemia.
Conclusions
In cultured rat VSMCs, homocysteine (50-1 000 μmol/L) significantly increased the production and activation of MMP-2, the expression of TIMP-2, and the migration of VSMCs in a dose-dependent manner. Additional extracellular rosuvastatin may decrease the excessive expression and activation of MMP-2 and the abnormal migration of VSMCs induced by homocysteine, but not the secretion of TIMP-2. These data suggest that the beneficial effect of rosuvastatin on homocysteine-related vascular disease processes may be related, in part at least, to their inhibitory effect on homocysteine-induced MMP-2 expression and the migration of VSMCs.
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